A series of achiral hypoxia-activated prodrugs were synthesized on the basis of the DNA cross-linking toxin of the prodrug, ifosfamide. The hypoxia-selective cytotoxicity of several of the compounds was improved over previously reported racemic mixtures of chiral bioreductive phosphoramidate prodrugs. Prodrugs activated by 2-nitroimidazole reduction demonstrated up to 400-fold enhanced cytotoxicity toward H460 cells in culture under hypoxia versus their potency under aerobic conditions. Compounds were further assessed for their stability to cytochrome P450 metabolism using a liver microsome assay. The 2-nitroimidazole containing lead compound 3b (TH-302) was selectively potent under hypoxia and stable to liver microsomes. It was active in an in ViVo MIA PaCa-2 pancreatic cancer orthotopic xenograft model as a monotherapy and demonstrated dramatic efficacy when used in combination with gemcitabine, extending survival with one of eight animals tumor free at day-44. Compound 3b has emerged as a promising antitumor agent that shows excellent in ViVo efficacy and is currently being evaluated in the clinic.
Introduction
Hypoxia within the tumor microenvironment confers resistance to radiation and chemotherapy. The inability to treat the hypoxic compartment of tumors represents a critical unmet medical need and an opportunity for the development of novel therapeutics that selectively target hypoxic tumor cells. [1] [2] [3] [4] [5] [6] [7] Efforts toward prodrugs, which are selectively activated within a hypoxic compartment, started with simple nitrobenzyl systems over 25 years ago. 8 The hypoxia-activated prodrug that is clinically most advanced is tirapazamine, and it has been tested in phase-3 clinical trials for treating a variety of different solid tumor malignancies. 9, 10 Tirapazamine, however, suffers from several deficiencies, most notably, poor tumor penetration [11] [12] [13] and low in ViVo potency at tolerated doses.
14 Improved hypoxia-activated prodrugs are clearly of interest with two others, banoxantrone (AQ4N) 15 (see Figure 1 ) and 2-[(2-bromoethyl)-2,4-dinitro-6-[[ [2-phosphonooxyl 16 currently undergoing early clinical testing. Hypoxia-activated phosphoramidate DNA cross-linking mustards were introduced by Borch and co-workers. 17, 18 The most successful were 5-nitrothiophene-and 5-nitrofuran-triggered prodrugs of phosphoramidate toxins. This toxin class was based on cyclophosphamide ( Figure 1 ), a commonly used antitumor agent. 19 In a clonogenic assay with HT-29 cells, the lead compound from this series is active under hypoxic conditions (LC 99 a ) 0.22 µM) but showed only a low hypoxia selectivity of 8.2-fold compared to its normoxic cytotoxicity. We sought to re-explore the hypoxia-activated phosphoramidate bis alkylator prodrug area with the goal of increasing the selectivity of the prodrugs for hypoxic cells and improving the therapeutic index. We also sought to eliminate the chirality at the phosphorus atom to avoid the problem of a racemic mixture. Here, we report our effort on the structure-activity relationship (SAR) of prodrugs around the symmetric phosphoramidate toxin derived from the antitumor prodrug ifosfamide (Figure 1) . 20 This effort has resulted in the identification of a highly selective potent achiral candidate with excellent in ViVo efficacy.
Isophosphoramide mustard (IPM, 1a, Figure 1 ) is the cytotoxin generated from the cytochrome P450 activation of the clinically useful prodrug, ifosfamide. Its proven efficacy in the clinic and the opportunity to synthesize achiral prodrugs define it as a useful toxin for prodrug efforts. 20 2-Nitroimidazoles undergo hypoxia-selective biochemical reduction in both cellular and in ViVo systems. 2-Nitroimidazoles, such as Pimonidazole 21 and EF5 22 have been widely used to selectively label the hypoxic zone of tumors immunohistochemically. 18 F-based 2-nitroimidazole probes, such as 18 Fmisonidazole (FMISO) and 18 F-fluoroazamycin (FAZA) 23 (Figure 2) , are being developed as positron emission tomography (PET) probes for preclinical and clinical hypoxia imaging.
The 2-nitroimidazol-5-yl methyl system has been used to release amine-bearing drugs via a carbamate linkage in cell culture. [24] [25] [26] We investigated whether 2-nitroimidazole would serve as a hypoxic trigger for achiral phosphoramidate prodrugs. Compound 3a was selected as a target compound, using 2-nitroimidazole as the hypoxic trigger and IPM as the released toxin.
Chemistry
The synthesis of 2-nitroimidazole phosphoramidate conjugates has not been reported in the literature. Initial attempts to * To whom correspondence should be addressed. synthesize them following the published synthetic method for nitrofuranyl derivatives of the related phosphoramidate toxin derived from cyclophosphamide 17 resulted in the formation of only 1-methyl-2-nitro-5-chloromethylimidazole (Scheme 1).
Compound 3a was successfully synthesized in 80% yield by a Mitsunobu reaction as shown below in Scheme 2. The bromo analogue, 3b, and other nitroazole-containing prodrugs were synthesized under similar conditions. Hypoxia-activated prodrugs containing N,N-dialkyl phosphoramidate mustards were synthesized as shown in Scheme 3. 17, 18 POCl 3 was reacted with 1 equiv of N-methyl-chloroethylamine, and the resulted monoamidate was purified by distillation. The addition of the second N-methyl-chloroethylamine was followed by purification of the bis amidate via flash chromatography. The final addition of 2 to produce 4a was accomplished under basic conditions. Compound 4b was synthesized via a one-pot procedure with the sequential addition of 2 equiv of bis chloroethylamine followed by 2 and oxidation.
Compound 6, the lead compound from Borch et al.'s series, was synthesized on the basis of the literature method 17 (Scheme 4).
Results and Discussion
In Vitro cytotoxicity: The compounds were evaluated for cytotoxicity under normoxic (air atmosphere) and hypoxic (N 2 atmosphere) conditions using the H460 human non-small-cell lung cancer cell line. This cell line provides a stringent test for hypoxic/normoxic selectivity because it is known to express high levels of DT diaphorase, 27 an oxygen-insensitive 2-electron reductase. This broadly-expressed enzyme 28 has the potential to activate these prodrugs through a non-hypoxic activation pathway, thereby increasing the toxicity of the prodrugs under normoxic conditions. Cells were treated with test compounds at various concentrations under air or N 2 for 2 h, washed, and incubated in air for 3 days in fresh medium. Cell viability and proliferation were then assessed by Alamar Blue staining. The IC 50 values for the inhibition of proliferation for the tested compounds are shown in Table 1 .
The in Vitro activity of the first prodrug of the series, 3a, confirmed our interest in 2-nitroimidazole phosphoramidate prodrugs by demonstrating a very high hypoxic selectivity (HCR ) 420). Substitution of the chlorine with bromine on the phosphorus mustard in 3b increased the potency by 10-fold and maintained the high hypoxic selectivity (HCR ) 270). Symmetric alkyl substitutions on the phosphoramidate nitrogens and their effect on potency and hypoxic selectivity were of interest. Specifically, we synthesized the methyl-and chloroethylsubstituted analogues. 29 the glutathione-transferaseactivated phosphoramidate prodrug, uses the latter tetrakis chloroethyl phosphoramidate toxin. The substitution of alkyl groups on the phosphoramidate nitrogens slightly increased the potency of the prodrugs, 4a and 4b, under hypoxic conditions but slightly decreased the hypoxic selectivity, particularly, in the case of 4a.
The 2-nitroimidazole confers striking hypoxic/normoxic selectivity to the prodrug constructs both in the case of 3a and 3b. The isomeric 5-nitroimidazole-containing analogue, 5b, results in lower potency under hypoxic conditions and less selectivity. This is consistent with previously reported phosphoramidate work 17 and is likely the result of the difficulty of mammalian reductases to reduce 5-nitroimidazoles because of the lower reduction potential of 5-nitroimidazole compared to 2-nitroimidazole. 30 The single-electron reduction potential for corresponding methanols has been reported to be -421 mV for N-methyl-2-nitroimidazole methanol and -483 mV for N-methyl-5-nitroimidazole methanol. 30 The 5-nitrofuran derivative, 5a, also demonstrates good hypoxic selectivity (HCR ) 170). This selectivity is unprecedented for the nitrofuranyl system. The symmetric prodrug 5a shows 3-fold greater selectivity than the racemic isomer 6, reported by Borch.
17
Clonogenic Survival Cytotoxicity Assays. Compounds 3b and 5a were further characterized using an in Vitro clonogenic survival assay with human lung cancer H460 cells and human colon cancer HT29 cells. The results for both cell lines are shown in Figures 3 and 4 and summarized in Table 2 . In both cell lines, potent cytotoxicity is observed under N 2 and the high hypoxic selectivity is comparable to that observed using the antiproliferation assay discussed above.
Stability to Microsomal Enzymes. The lack of reactivity to microsomal enzymes is an important requirement for hypoxiaactivated prodrugs. This potential problem of being metabolized by microsomal enzymes is particularly relevant to phosphoramidates, because this class of compounds can be substrates for cytochrome P450 oxidation. Both of the clinically-used antitumor phosphoramidates, cyclophosphamide and ifosfamide, are substrates for and activated by cytochrome P450 in ViVo.
31
To assess the microsomal stability of the prodrug compounds, in Vitro metabolic stability studies were performed in triplicate using mouse liver microsomes. When the compounds were treated with mouse liver microsomes for 30 min in the absence of NADPH, all compounds were stable. However, the treatment of the compounds with mouse liver microsomes in the presence of NADPH resulted in different stability profiles, as shown in Table 1 . The reactivity to cytochrome P450, as measured by mouse liver microsome stability, proved problematic for the alkyl-substituted phosphoramidates. Methyl substitution, 4a, resulted in significantly reduced metabolic stability. The larger, more lipophilic alkyl groups of 4b resulted in the complete disappearance of the prodrug under the assay conditions. The enhanced lipophilicity of the alkyl-bearing prodrugs likely promotes cytochrome P450 oxidation of the prodrug. The methylenes adjacent to the phosphoramidate nitrogens could be predicted to be at risk for oxidation, given the known cytochrome P450 activation mechanism of cyclophosphamide and ifosfamide. 31 However, other potential sites of oxidation cannot be excluded, including the methylene adjacent to the nitroimidazole. The observed cytochrome P450 liability of the alkyl substitutions focused our efforts on prodrugs with only hydrogen substitutions on the phosphoramidate nitrogens. These analogues consistently demonstrated enhanced stability to cytochrome P450 oxidation by liver microsomes. It is interesting to note that the previously reported 17 racemic prodrug 6 is not as stable to microsomes as the symmetrical isomer, 5a.
Aqueous Solubility of 3b and 5a. Solubility in aqueous systems is a desirable feature for pharmaceuticals. Compounds 3b and 5a demonstrated an aqueous solubility of 5.9 and 4.3 mg/mL, respectively, in saline (assay details in the Experimental Section).
Antitumor and Antimetastasis Efficacy of 3b and 5a in the MIA PaCa-2 Human Pancreatic Cancer Orthotopic Xenograft Model. To assess the in ViVo antitumor efficacy of 3b and 5a, these compounds were evaluated in animals bearing orthotopic MIA PaCa-2 human pancreatic cancer. 32, 33 This highly invasive and metastatic model was chosen for evaluation because it more closely replicates many of the characteristics of human disease. 34 The surgical implantation of pancreatic tumor tissue on the pancreas of nude mice results in broadly disseminated disease. 35 This is in contrast to the more traditional ectopic xenograft models, where tumors are grown subcutaneously on the flank of the animal and remain largely encapsulated.
Drug treatment was started day-3 after orthotopic implantation. Mice were randomized into 6 groups of 8, each treated with vehicle (saline), 4-amino-1-(3,3-difluoro-4-hydroxy-5-hydroxymethyl-tetrahydrofuran-2-yl)-1H-pyrimidin-2-one (gemcitabine) alone at 200 mg/kg, IP, once a week for 3 weeks, 3b alone at 30 mg/kg, IP, once a day for 5 days a week for 15 days (11 total doses), 5a alone at 6 mg/kg once a day, IP, for 5 days a week for 15 days (11 total doses), or gemcitabine combined with 3b or 5a, where 3b and 5a were given 2 h before gemcitabine administration on the days when both drugs were scheduled. The doses of 3b and 5a were chosen on the basis of preliminary studies to define the MTD of each compound, when administered daily for 5 days. On the basis of weight loss and behavioral signs, the MTD of 3b was determined to be 100 mg kg -1 day
, and the MTD of 5a was determined to be 20 mg kg
. In the orthotopic study, both agents were administered at approximately one-third of the MTD. The dose of gemcitabine was two-thirds of the MTD for the drug as a single agent.
Tumors grew rapidly in the vehicle-treated group after a lag of 10 days and eventually killed all of the mice by day 30. Gemcitabine alone and 3b alone inhibited primary tumor growth by 82 and 41%, respectively, on day 25 after implantation, whereas 3b plus gemcitabine inhibited primary tumor growth by 96% on day 25 ( Figure 5 ). In addition, 3b plus gemcitabine significantly extended the survival time as illustrated in the Kaplan-Meier plots ( Figure 6 ). Representative images of individual animal responses are shown in Figure 7 . The median survival times in the vehicle, gemcitabine alone, 3b alone, and 5a alone groups were 26, 42, 28, and 27 days, respectively. In the 3b plus gemcitabine-treated group, the mice were sacrificed at day-44 and six of eight mice were alive at that time with one of the eight tumor-free (as assessed by open-body fluorescence imaging) ( Figure 6 ). Only gemcitabine alone, 3b plus gemcitabine, and 5a plus gemcitabine significantly extended survival time compared to vehicle-treated controls (p < 0.001). Compound 5a plus gemcitabine failed to affect survival beyond that achieved by gemcitabine alone. However, 3b plus gemcitabine extended survival beyond that of gemcitabine alone (p ) 0.05). Animal body weights were not affected by any treatment until the animals were near death because of the tumor burden.
Comparisons with Earlier 2-Nitroimidazole Drugs. Nitroimidazoles and related nitroazoles first undergo a one-electron reduction by ubiquitous cellular reductases, such as the NADPH cytochrome P450 reductase, as shown below in Figure 8 . 36 Under low oxygen conditions, the radical anion has a sufficient lifetime to undergo further irreversible reductions to the hydroxylamine. In the case of 3b, this is likely followed by phosphoramidate toxin elimination. Under normoxia, the reaction with oxygen results in a futile cycle, in which the radical anion is quenched, generating superoxide and reforming the starting nitroazole. The resulting superoxide can cause systematic background toxicity.
This normoxic superoxide production requires that prodrug constructs be sufficiently potent under hypoxic conditions to not require high doses for efficacy. More than 2 decades ago, the simple 2-nitroimidazole, misonidazole (Figure 9 ), was explored clinically as a hypoxia-activated prodrug and radiation sensitizer. 37 Because of low potency, very high doses were required (total dose, 11 g/m 2 ) and neuropathy, likely caused by the super oxide, was observed. 38 More potent 2-nitroimidazole derivatives were subsequently explored. 1-(Aziridine-1yl)-3-(2-nitro-1H-imidazol-1-yl)propan-2ol (RSU-1069, 7, Figure 9 ), 39 a 2-nitroimidazole derivative conjugated to an alkylating aziridine, suffered from the fact that the aziridine alkylator was not triggered by the nitroimidazole reduction and hence was always active. This aziridine function was believed to be responsible for the toxicity seen in humans. 40 While more potent than misonidazole, 7 was also characterized by relatively low potency under hypoxic conditions, with a reported IC 50 value under N 2 of 15 µM in V79-379A cells. 39 A prodrug of 7, 41 1-(2-bromoethylamino)-3-(2-nitro-1H-imidazol-1-yl)propan-2-ol hydrobromide (RB-6145, 8, Figure 9 ), 42 has shown reduced toxicity but without significant improvement in efficacy. 2-Nitroimidazole intercalator conjugates, such as 7-chloro-N-(3-(2-nitro-1H-imidazol-1-yl)propyl)quinolin-4-amine (NLCQ-1, 9, Figure 9 ), 43 have also been investigated preclinically but demonstrate similar low potency under hypoxia, as observed with 7.
These early 2-nitroimidazole agents also differ mechanistically from 3b. As described above in Figure 8 , upon reduction to the hydroxylamine, 3b likely releases a diffusible DNA-crosslinking toxin. The earlier agents, upon hypoxic reduction to the hydroxylamine, use a well-characterized nitrenium ion formation, resulting in a monoalkylator. 44 These early derivatives had such weak hypoxic potencies that high concentrations were required for effective killing under hypoxia, and hence, high doses were required for efficacy. The potency and hypoxia selectivity of 3b could allow it to be efficacious at lower doses compared to the earlier agents described above and thus avoiding the systemic toxicity generated by superoxide 36 and potentially other off-target effects.
Compound 3b, an achiral phosphoramidate mustard prodrug, demonstrates potent hypoxia-dependent cytotoxicity and stability to microsomal metabolism and is efficacious as a monotherapy. It demonstrates dramatic antitumor efficacy in combination with gemcitabine in an orthotopic human pancreatic cancer model in nude mice. Because of its attractive preclinical properties, 3b is undergoing phase-1 clinical testing for the treatment of solid tumors. 
Experimental Section
1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400 MHz spectrometer (400 and 75 MHz, respectively) using CDCl 3 , CD 3 OD, or DMSO-d 6 as solvents with TMS as an internal standard. High-resolution mass spectra analysis was performed on a GCT-MS Micromass UK mass spectrometer. Column chromatography was performed with silica gel (230-400 mesh). All of the starting materials are commercially available and were used without further purification.
Compounds 1a and 1b were synthesized using a similar method. A typical procedure can be described as follows using 1a as the example: To a suspension of 2-chloroethylamine hydrochloride (7.2 g, 62 mmol) in DCM (110 mL) was added POCl 3 (2.84 mL, 31 mmol) slowly from -10 to -15°C with vigorous stirring, followed by the addition of a solution of TEA (17.5 mL, 124 mmol) in DCM (30 mL) over 1 / 2 h. The reaction mixture was stirred below -10°C for 2 h. The resulting solid was filtered and washed with cooled DCM (5 mL). The filtrate was concentrated under vacuum to about 30 mL. The residue was filtered, and the solid was washed with cooled DCM (5 mL). The filtrate was concentrated under vacuum to dryness. The residue was then dissolved in THF (7 mL) and mixed with water (10 mL). The mixture was stirred at room temperature for 2 h. THF was removed under vacuum, and the aqueous solution was kept at 4°C overnight. The crystalline solid was filtered and washed with cold water and ether. After the product was dried under vacuum overnight, 1a (3 g) was obtained in 46% yield as a white solid. 31 
1-Methyl-2-nitro-1H-imidazol-5-yl)methyl N,N-bis(2-chloroethyl)phosphordiami-date (3a)
. To a suspension of compound 1a (127 mg, 0.58 mmol), 2, 1-methyl-2-nitroimidazole-5-methanol (180 mg, 1.15 mmol), and PPh 3 (300 mg, 1.15 mmol) in THF (15 mL) was added DIAD (0.22 mL, 1.15 mmol) at 0°C. After the addition of DIAD, the reaction mixture was warmed to room temperature and stirred for 2 h. The solvent was removed, and the residue was purified by flash chromatography (acetone in toluene from 0 to 70%) to give product 3a (130 mg, 63%). 1 1-Methyl-2-nitro-1H-imidazol-5-yl)methyl N,N-bis(2-bromoethyl)phosphordiami-date (3b). Compound 3b was synthesized by a procedure similar to that described for 3a and obtained as an off-white solid in 47.6% yield. To a solution of N-methyl-2-nitroimidazolyl methanol (0.5 g, 3.2 mmol) in DME (10 mL) was added lithium bis(trimethylsilyl)amide (1 M in THF, 3.2 mL, 3.2 mmol) at -78°C. The reaction mixture was stirred for 5 min, and N,N-bis(chloroethyl)-N,Ndimethyl-chlorophosphordiamidate (770 mg, 2.9 mmol) was added at -78°C. After the reaction solution was slowly warmed to -20°C , the reaction solution was diluted with ethyl acetate (50 mL) and washed with brine (50 mL). The organic layer was dried with MgSO 4 and concentrated under vacuum. The residue was purified by flash chromatography (methanol in DCM from 6 to 12%) to produce 4a (530 mg, 47%). temperature for 1 / 2 h and then 2, N-methyl 2-nitroimidazolyl methanol (0.474 g, 3.31 mmol), in DCM (10 mL) was added. After stirring for another 1 / 2 h, the reaction was cooled to -20°C and then tert-butyl hydroperoxide (0.7 mL, 3.82 mmol, 5.5 M in decane) was added. The mixture was warmed to room temperature in 1 h and poured into a 10% HCl aqueous solution (30 mL). The organic layer was separated, and the aqueous layer was extracted with DCM (50 mL). The combined organic solution was dried over MgSO 4 , filtered, and concentrated under vacuum. The residue was subjected to flash chromatography (methanol in DCM at 6-12%) to give 4b (350 mg, 20% yield). 1 In Vitro Cell-Proliferation Assay. H460 cells (ATCC) were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco/Invitrogen) in a 5% CO 2 humidified environment at 37°C. Cells were seeded 1 day before the experiment in glass inserts placed in each well of a 24-well plate at a density of 20 000 cells/well with 500 µL of medium. The next day, serial dilutions of test compounds in DMSO were made in RPMI medium, such that final concentrations of DMSO did not exceed 1%. Medium was removed from the cells, and 200 µL of test compound in RPMI was added directly to cells in glass inserts. The cells in the hypoxia treatment group were incubated for 2 h in a Bactron II anaerobic chamber flushed with a certified anaerobic gas mixture (90% N 2 /5% CO 2 /5% H 2 ; Praxair). The cells in the air treatment group were incubated for 2 h in standard tissue-culture incubators. After the 2 h of treatment with test compounds, the cells were washed with 500 µL of medium and incubated for 3 days in 500 µL of fresh medium. After 3 days, the cells were stained with 10% AlamarBlue for 2 h, after which the viability of cells was measured by a fluorescence plate reader (Tecan Safire2) at an excitation wavelength of 550 nm and an emission wavelength of 590 nm. The 50% inhibitory concentration (IC 50 ) of test compounds was calculated from results of two independent experiments (n ) 6).
In Vitro Clonogenic Assay. Exponentially growing human H460 or HT29 cells (ATCC) were seeded into 60 mm notched glass plates at ∼3 × 10 5 cells per plate and grown in RPMI medium supplemented with 10% fetal bovine serum (Gibco/ Invitrogen) for 2 days prior to initiating treatment. On the day of the test, drug stocks of known concentrations were prepared in complete medium and 2 mL of the desired stock was added to each plate. The plates were placed in either an anaerobic chamber (Bacron II) or a standard tissue-culture incubator. The anaerobic chamber was evacuated and gassed with the anaerobic gas mixture (90% N 2 /5% CO 2 /5% H 2 ; Praxair) to create an hypoxic environment. Cells were then incubated with the drug for 2 h at 37°C. At the end of treatment, plates were removed from each vessel and washed with phosphate-buffered saline and a solution of trypsin-EDTA and then trypsinized for 5 min at 37°C. Detached cells were neutralized with medium plus serum and spun for 5 min at 100g. Cells were resuspended at approximately 1 × 10 6 cells/mL and diluted 10-fold for plating. The exact concentration of each stock was determined by counting with a Coulter Z2 particle counter. Known numbers of cells were plated and placed undisturbed in an incubator for between 9 and 13 days. Colonies were fixed and stained with a solution of 95% ethanol with 0.25% crystal violet stain. Colonies of greater than 50 cells were counted, and the surviving fraction was determined. Plating efficiencies (PEs) were determined by dividing the number of colonies by the actual number of cells plated. Surviving fractions were calculated by dividing the PEs of treated cells by the PEs of untreated cells.
Procedure for Mouse Liver Microsome Stability Assay. The incubation mixtures of test compounds with mouse liver microsomes contained the following at the indicated final concentrations: 50 mM potassium phosphate buffer (pH 7.4) and 5 mM MgCl 2 , microsomes (1 mg/mL) with or without 2 mM NADPH. The mixtures were preincubated at 37°C. The metabolism reaction (in triplicate) was initiated by the addition of 5 µM test compound to the incubation mixture. At 10, 20, and 30 min, the reaction mixture was quenched using 280 µL of a quenching solution containing 0.1% formic acid/acetonitrile. The samples were centrifuged at 4°C for 10 min at 3000g. The supernatant was transferred to a vial for analysis using a generic LC-MS method. The microsomal activity was monitored using testosterone as a positive control.
Aqueous Solubility Assessment. A total of 100 mg of 3b was mixed with 4.0 mL of saline (140 mM NaCl and 10 mM phosphate at pH 7.4), vortexed for 5 min, and allowed to sit at room temperature for 1 h followed by filtration (PVDF, 0.45 µm). All preparations were performed in duplicate. Aliquots of each individual sample were appropriately diluted and analyzed by HPLC using 3b as a reference standard. The concentration in each sample was calculated from the area response of the 3b standard peak. Solubility of 5a was determined similarly.
Orthotopic Xenograft Model of Pancreatic Cancer. Orthotopic tumors were generated using MIA PaCa-2-RFP cells as previously described. [32] [33] [34] [35] Tumor stocks were made by subcutaneously injecting the MIA PaCa-2 cells expressing red fluorescent protein (RFP) at a concentration of 5 × 10 6 cells in 200 µL of serum-free medium into the flanks of nude mice. Two tumor fragments (1 mm 3 ) from a subcutaneous tumor were implanted onto the middle of the pancreas in each nude mouse. The pancreas was returned to the peritoneal cavity, and the incision in the abdominal wall and skin was closed with surgical sutures in two layers. The animals were kept under isoflurane anesthesia during surgery.
During the course of the study, the primary tumor size for each animal was followed on a weekly basis by analyzing fluorescent images. Briefly, the mice were placed in a fluorescent light box equipped with a fiberoptic light source of 490 nm (Lightools Research, Encinitas, CA). Selective excitation of RFP was produced through a D425/60 band-pass filter and 470 DCXR dichroic mirror. Emitted fluorescence was collected through a long-pass filter GG475 (Chroma Technology, Brattleboro, VT) on a Hamamatsu C5810 3 chip-cooled color-charge-coupled device camera (Hamamatsu Photonics, Bridgewater, NJ). Images were processed for contrast and brightness and analyzed with the use of Image Pro Plus 3.1 software (Media Cybernetics, Silver Spring, Maryland). High-resolution images of 1024 × 724 pixels were captured directly on an IBM PC or continuously through video output on a high-resolution Sony VCR (model SLV-R1000; Sony, Tokyo).
Real-time determination of tumor burden was performed by quantifying red fluorescent surface area. The tumor volume was calculated using the following formula: tumor volume (mm 3 ) ) [(width) 2 × length]/2. The end points for evaluating antitumor activity were tumor growth inhibition, survival time from KaplanMeier plots, and the number of complete tumor cures. The median survival was also calculated as the time at which half of the animals
